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ABSTRACT
Oil return from the evaporator to the compressor suction port is an important requirement. It
is affected by the refrigerant/lubricant properties, gas velocities and piping geometry. The
refrigerant R -134a has successfully replaced R-12 in household refrigerators and freezers. This
paper describes a test method to estimate the mean oil film thickness and to observe the flow
pattern in vertical upward flow in a R -134a suction line. The test facility to investigate a wide
range of refrigerant and oil flow rates had been built. Three kinds of oils (mineral, two alkylbenzenes) have been tested with R-134a in this facility. The results show an upward net oil flow
for all oils investigated regardless of the miscibility between refrigerant and oil. The refrigerant
and oil mixture flow as either chum flow or annular flow in the vertical upward suction line of
the refrigeration system. The mean oil thickness and flow patterns are summarized for each
case.
NOMENCLATURE
Roman Symbol
AB
Alkylbenzene
ASHRAE American Society of Heating, Refrigeration
and Air Conditioning Engineers
CFC
Chlorofluorocarbon
Hydrochlorotluorocarbon
HCFC
HFC
Hydrotluorocarbon
ISO
International Standards Organization

MFR
Mass Flow Rate
MO
MineralOil
MOFTR
Mean Oil Film Thickness Ratio
POE
Polyol Ester
R
Tube Ratio
VFR
Volume Flow Rate
Greek Symbol
o
Oil Film Thickness

1. INTRODUCTION

In a refrigeration cycle, a small portion of oil circulates with the refrigerant through the cycle
components while most of the oil remains in the compressor. The concentration of oil in the
circulating refrigerant/oil mixture affects the refrigerant side heat transfer as well as the
reliability of the compressor [1, 2]. The introduction of HFC refrigerants in the market as the
replacement for CFCs and HCFCs has raised the issue of miscibility of the oil in the refrigerant.
Though polyol-ester (POE) oils were introduced as the leading candidate oils for HFC
refrigerants, POE oils pose some challenges: low reliability due to its high hygroscopicity as
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compared to the mineral oil, low refrigerant/oil mixture viscosity due to the high solubility of
HFC refrigerant in POE oil and high cost [3, 4]. Therefore, other options using HFC refrigerants
with immiscible oil or partially miscible oils such as alkybenzene (AB) and mineral oil (MO) are
of interest. Although AB and MO are immiscible with HFC refrigerants, these oils are
chemically stable and of lower cost. Research has been conducted to evaluate the oil return of
HFC refrigerants with immiscible oils. Sundaresan and Radermacher [5] investigated oil return
characteristics in residential heat pumps experimentally. The oil level in a compressor was
measured for R-407C and R-22 with POE and MO. In the case ofR-407C/MO, some amounts of
oil were logged in the system outside of the compressor under ASHRAE test conditions. Sumida
et al. [6] tested R-410A and AB to observe the flow pattern in the liquid line and to compare the
cycle performance. This experiment showed that R-410A and the AB mixture had reliable oil
return characteristics. An empirical correlation in upward flow for predicting MO return with R12 and R-22 were studied by Jacobs et al. [7], but this study did not account for the viscosity
change of oil and oil miscibility. However, Mehandale [8] conducted an experimental and
analytical study of oil return failure conditions in single and two-phase regimes for HFC
refrigerants with miscible and immiscible oil in a vertical tube. In spite of previous studies on
experimental and analytical verifications of oil return characteristics by other investigations, the
data is not sufficient to understand the influence of oil flow patterns and oil film thickness.
The worst scenario for oil circulation in a cycle is the case that a gas refrigerant/oil mixture
flows upward in a vertical tube since the refrigerant has to overcome the gravitational force to
carry the oil upward by the viscous force. The oil viscosity at the evaporator outlet is relatively
higher than that of the condenser outlet because of lower solubility of the refrigerant in the oil.
Thus, to investigate how much oil is stored in the system is an important issue. The objective of
this study is to investigate the flow characteristics of specific refrigerant/oil mixtures
experimentally in vertical upward flow under suction line conditions and to provide oil return
characteristics such as mean oil film thickness for residential refrigerators and freezers.

2. TEST SETUP
The refrigeration system of an upright freezer is modified to demonstrate and observe oil
transport as shown in Figure 1. The test facility is equipped with two separate loops: a refrigerant
loop and two oil loops. The refrigerant loop consists of a variable speed compressor, heat
exchangers (evaporator, condenser), an expansion valve, and two sets of oil separators. The
variable speed compressor was used to achieve a wide range of refrigerant mass flow rates. From
the outlet of the evaporator, the refrigerant tube was extended vertically upward. A secondary
refrigeration loop was installed to control the freezer compartment temperature, independent of
the refrigerant and oil flow rates.
This vertical section represents the test section. Three sight tubes (STI, ST2, ST3) were
installed at the evaporator outlet. The oil flow was observed through these sight tubes. STl
shows the oil stored at the bottom of the tube if the oil return fails. ST2 shows the oil flowing
down to the evaporator below the oil injection port. ST3 shows the oil flowing upward above the
oil injection port to the suction line. The oil flow patterns were monitored at the ST3 with a
camcorder. The camcorder was installed inside the freezer compartment in order to monitor flow
patterns without opening the freezer door.
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Two oil loops were installed parallel to the refrigeration cycle. The first oil loop returns oil
directly to the compressor. Oil leaving the compressor in the discharge line is separated by two
oil separators connected in series, and then returned to the suction line. The second oil loop
consists of a syringe pump, suction line oil separators and an oil storage tank. It provides oil to
the test section for the oil return test. The separated oil is collected in a storage tank, which is
also used to charge the syringe pump. The tank is equipped with a sight glass in order to measure
the amount of returned oil.
The test facility was constructed inside an environmental chamber in order to maintain an
ambient temperature of 23.9°C. The initial time delay and oil volume flow rate (VFR) returned
from the test section to the oil storage tank was measured and compared with the oil VFR
injected. When the returned oil VFR reaches steady state, the refrigerant/oil flow pattern was
observed and recorded with the camcorder.
Secondary loop
Freezer

r - - - - - - - - - - - - - - .,
I

Oil Storage
Tank
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Mass Flow
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Compressor
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Figure 1. Schematic of Test Facility

3. EXPERIMENTAL PROCEDURE
First, the expansion valve was controlled to maintain the temperature of the freezer
compartment at -l5°C as specified in the "ANSI/AHAM Standard for Household Refrigerators
and Freezers" [9] at the given refrigerant MFR. Once steady state was achieved, the oil was
injected to the lower end of the test section by the syringe pump. Oil flow rate was known from
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the setting of the syringe pump. Meanwhile, the oil flow pattern in the sight tube was monitored
through the camcorder. The mean oil film thickness in the test section was calculated by
integrating the oil flow rate difference between injected and returned quantities over time.
In this study, three kinds of oils were tested with R-134a: AB ISO 8, AB ISO 10 and MO ISO
10. The oil concentration that is defined as the ratio of MFR of oil and the refrigerant/oil
mixture is varied from 0.1 to 5 %. For each oil, three different refrigerant MFR's and three
different oil VFR's were investigated: refrigerant MFR (0.10, 0.38 and 0.58 g/s); oil VFR (4, 12
and 20 ml/hr). When the oil was changed from one test series to another, the refrigerant and oil
in the system were removed and flushed with new oil by charging the new oil and running the
cycle for one day.
/

4.RESULTS
Flow Pattern
Within the range of refrigerant MFR and oil VFR investigated in this study, only two flow
patterns were observed: chum flow and annular flow [10,11]. Figure 2 shows the difference of
flow pattern between churn and annular flow. When the refrigerant MFR is 0.1 g/s, the flow
pattern is chum flow for all oil VFR's and oil types. In churn flow, the oil film on the wall flows
downward, accumulates and eventually forms a "bridge". The bridge essentially is a plug that is
pushed upward by the refrigerant vapor. The plug disintegrates into oil film waves and droplets.
The flow pattern just above the test section shows droplets moving upward after they are broken
from the liquid film. In churn flow, the oil film can be seen on the wall and moving upward or
downward alternating in a more or less regular pattern. Oil film thickness on the wall is
relatively thicker than in other cases due to the unstable flow of oil. For other refrigerant MFR
cases (0.37 and 0.57 g/s), the flow pattern was annular flow for all oil types. In the annular flow
pattern, the oil film on the wall flows upward at a range of velocities in wavy form. The distance
between waves measured in Fig 2 decreases as refrigerant MFR or oil VFR increase. For all tests
performed, no oil was found at the lowest sight tube (STl ). This means the net oil flow moves
upward even for the case of the churn flow that at times exhibits a counter current flow between
the central gas stream moving upward and the oil on the wall moving downward. This
phenomenon can be explained as follows: the momentum flux of oil is much smaller than that of
the refrigerant.

2cm

(a) Churn flow

(b) Annular flow

Figure 2 Flow Patterns of Refrigerant and Oil Mixture
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Therefore, the refrigerant provides enough shear force to transport the oil upward. It was
observed that the oil on the wall flows down and reduces the cross sectional area when the flow
pattern is chum flow. Then the viscous force of the refrigerant increases and finally pushes the
accumulated oil layer so that the net oil flow moves upward. In this case, although the flow
pattern is very unstable and shows oscillatory motion, in all cases there is a net upward oil flow.
Mean Oil Film Thickness Ratio CMOFTR)
In this study, mean oil film thickness ratio (MOFTR) is defined as the mean oil film thickness
(8) relative to the inside radius of the tube (R). To determine MOFTR the internal tube volume is
measured, including all tubes and sight tubes from the oil injection point to the oil storage tank.
Then, the mean oil film thickness is calculated from the amount oil stored in the tube and the
total internal tube volume.
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Figure 4. Effect ofRefrigerant MFR on Volume of Oil Returned (AB ISO 10)
The test results for each refrigerant and oil combination are shown in Figure 3. Figure 3
indicates the volume increase of returning oil for the fixed oil VFR injected and refrigerant MFR.
Figure 3 (a) shows additional details for clarification. A solid line indicates the oil volume
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injected to the tube over time. A dotted line indicates the amount of oil returned at the separator
outlet. These two lines are linear and parallel to each other after an initial time delay. The
horizontal distance between these two lines indicates a. time delay for the oil injected to return to
the oil separator. A vertical distance between these two lines means the oil volume stored in the
tube. Therefore, the time delay from the start of the test till the slope of the returned oil becomes
the same as the slope of the oil injected indicates a period of oil accumulation in the tube. This
time delay was caused by the oil filling the tube from the injected point to the low pressure oil
separator. After the initial time delay, oil flow reached its steady state. The difference between
the volume of oil injected and the volume of oil returned determines the volume of oil that is
stored in the tube. As the volume of the oil stored in the tube increases, the oil return time delay
increases. Figure 3 shows the oil volume returned for two different refrigerant MFR's. At high
mass flow rates the amount of oil stored is similar regardless of oil viscosity and oil type. On the
other hand, for low refrigerant MFR the oil stored is influenced by the oil viscosity and oil type.
In the case of AB, the time delay of the low viscosity oil is less than that of the high viscosity oil.
Figure 4 shows the returned oil volume for two different oil VFR's. The returned oil volume
of AB ISO 10 was almost the same for the given oil VFR only when the refrigerant MFR was
either 0.37 or 0.57 g/s. When the refrigerant MFR was 0.10 g/s, the MOFTR in chum flow was
2-3 times higher than for the other cases. This phenomenon also occurs in the case of MO ISO
10. However, in AB ISO 8, the MOFTR does not change with the refrigerant MFR at any oil
flow rate. Thus, the effect of viscosity occurs only under low MFR conditions in which chum
flow can be observed.
Table 1 shows the MOFTR for refrigerant-oil combinations. These results indicate that the oil
that has a poor miscibility and higher viscosity creates a thicker oil film in the tube and delays oil
return. Especially when the refrigerant MFR is low, the MOFTR gets higher as the oil viscosity
increases. At high refrigerant MFR (0.57 g/s) the MOFTR is not influenced by oil type and
viscosity as compared to the other MFR's (0.10, 0.37 g/s), but the MOFTR increases as the oil
VFR increases. The MO has higher MOFTR as compared to AB under the same condition.
Table 1 Test Results
Oil
VFR
(ml/hr)
4

12

20

Ref.
MFR
(g/s)
0.10
0.37
0.57
0.10
0.37
0.57
0.10
0.37
0.57

Flow
Pattern
Churn
Annular
Annular
Churn
Annular
Annular
Chum
Annular
Annular

Mean Oil Film Thickness Ratio (8/R)
AB ISO 8
0.05
0.05
0.05
0.11
0.09
0.11
0.16
0.16
0.17

AB ISO 10

MO ISO 10

0.17
0.06
0.06
0.25
0.12
0.11
0.3
0.16
0.15

0.23
0.20
0.08
0.44
0.25
0.14
0.40
0.27
0.20

Reynolds Number of Refrigerant
AB ISO 8
3

2.7x10
1.0xl0 4
1.6x104
3.0x103
l.l X 10 3
1.7xl04
3.1 xl0 3
1.3x103
2.0xl0 4

ABIS010
3

3.5x10
l.lxl0 4
1.6xl0 4 4.3x103
1.2xl0 4
1.7xl04
4.4xl03
1.3x104
2.0xl0 4

MO ISO 10
4.lx103
l.Sx 104
1.6xl04
7.6xl0 3
1.7xl04
1.8xl04
6.0x103
l.7x10 4
2.2x10 4

5. CONCLUSIONS
From the experimental results and observations, the following conclusions are obtained:
(1) A new test protocol to estimate the volume stored in the tube and the MOFTR in the tube has
been developed.
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(2) The oil volume stored in the tube and MOFTR for the given oil VFR behaves in the
following ways :
• AB ISO 8 is not sensitive to the refrigerant MFR's.
• AB ISO 10 is only sensitive at the lower refrigerant MFR.
• MO ISO JO is very sensitive to the refrigerant MFR's.
• The order is (highest to lowest film thickness):
MO ISO 10 > AB ISO 10 > AB ISO 8.
(3) The oil that has poor miscibility and high viscosity causes .a larger oil volume stored in the
tube and a higher MOFTR. Especially when the refrigerant MFR is low, the high viscosity oil
leaves more oil in the tube.
(4) Under high refrigerant MFR, the influence of oil type and viscosity is not dominant.
(5) For the lowest refrigerant MFR, the flow patterns of all oils are chum flow.
(6) The net oil flow moves upward for the tests performed in this study.
Although the net flow moves upward, it is recommended that the chum flow pattern be
avoided because the oil on the wall moves downward and could possibly cause oil return failure
especially in heat exchangers depending on the design.
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